Ice grains bond together in less than 1 s. The tensile strength of the resulting bond was measured above −25°C in the contact time range of 10-1000 ms as a function of temperature and contact load. The bond strength increases nonlinearly with time and with increasing temperature. The results indicate that the most likely mechanism of ice sintering on this time scale is the freezing of the liquidlike layer present on the surface of the ice. A model based on the plastic behavior of ice and the complete freezing of the entire contact patch well describes the observations.
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Sintering is a well known and widely studied phenomenon.
1 It describes the formation of bonds between particles close to their melting point. Since ice on earth often exists close to its melting point, the sintering of ice has special importance. Many scientific disciplines including atmospheric science, 2 snow metamorphism, 3, 4 icing of structures in cold climates, 5 ice friction, 6 and avalanche formation 7 involve the sintering of ice. [8] [9] [10] In some of these processes ice grains contact each other for a very short period of time. Previous researchers have studied the growth of bonds between ice grains, but most investigations have focused on bond formation at minute, hour, and multiday time scales. Gubler 11 and Fan et al. 12 examined ice grains connected for 1 s. Both studies have found a substantial tensile strength.
The mechanisms usually considered to contribute to ice sintering are slow and cannot be responsible for subsecond sintering. These mechanisms include vapor diffusion, surface diffusion, surface flow, volume diffusion, plastic flow, and grain boundary diffusion. [13] [14] [15] [16] The only mechanism that can account for a fast bond formation is the freezing of a liquid layer at the contact region. The freezing of water in a confined space is a very fast process. 17 As a result a crystalline ice bond can quickly form after contact. The only remaining question is the origin of the liquid at the contact region. There are three possibilities: pressure melting, collisional melting, and the presence of a liquidlike layer on the ice surface.
Pressure melting fails to explain the sintering of ice because the pressure needed to change the melting point of ice far exceeds its mechanical strength. Except at temperatures close to the melting point ͑above −1°C͒ the ice fractures before it would start to melt.
The impact between two ice particles can cause the temporary melting of the interfacial region as shown by Dash and Wettlaufer 2 and Dash et al. 18 In an impact, the highly localized plastic deformations generate a significant amount of heat. During the short time of the impact, there is no time to conduct the heat away from the contact region, hence resulting in an increase of temperature and possibly the melting of the ice. As the heat generated by the impact is conducted away the ice eventually refreezes, forming a bond between the particles. Although this is an intriguing conceptual model, it has not yet been shown that the heat produced by an impact can be conducted away from the site fast enough for a bond to form.
The idea of the freezing of a liquidlike surface layer dates back to Faraday who performed a 20-year-long study on the adhesion of ice blocks starting in the 1840s. 19, 20 He discovered that two ice blocks adhere to each other immediately when brought into contact. He explained this by the freezing of a water layer present on the surface of ice close to the melting point. His explanation was not well received by contemporary scientists due to the lack of theoretical and experimental evidences of a water layer on the ice surface. However, recent experimental techniques including ion and proton backscattering, x-ray scattering, low-energy electron diffraction, atomic force microscopy, as well as computer simulations show the existence of a disordered, liquidlike layer on the surface of different solids well below the melting point. 21, 22 Experiments show that in ice the thickness of the liquidlike layer decreases rapidly below the melting point but can still exist at −40°C. 5, [23] [24] [25] [26] We developed an apparatus that ͑1͒ brings two ice cones in contact with each other, ͑2͒ holds the cones together for a short period of time, and ͑3͒ separates the two cones while measures the force required to break the bond between them. We define this force as the sintering force. The experimental setup consists of a piezoelectric actuator, a force transducer, and sample holders. One of the ice cones is attached to the actuator, while the other is connected to microstages. This permits the precise relative positioning of the two cones. The whole arrangement is mounted in a rigid steel frame designed to prevent vibrations and to provide sufficient stiffness. Both air and sample temperatures were measured during the experiments. The former near the samples, the latter by thermocouples that were frozen directly into the samples during preparation. We prepared ice cones, 15 mm in length with a 3 mm radius of curvature at the tip, by freezing degassed clear mountain water ͑with a conductivity of 30 S/cm͒ in silicone molds at −15°C.
The experiments were conducted in a cold room, where the relative humidity was kept around 50% independent of the temperature. We conducted several series of experiments, each at a different temperatures: −1, −5, −12, and −23°C. At each temperature, we measured the contact time and contact load dependences of the sintering force in ranges of 20-1000 ms and 0.5-8 N, respectively.
What happens when two ice particles are pushed together with a constant force? Since the contact loads applied in our experiment are relatively high, the stress at the contact region exceeds the critical stress of the Huber-von Mises criterion. 27 As a consequence, the ice undergoes extensive plastic deformations and the initially small contact area increases with time ͑see Fig. 1͒ . The rate of the increase is determined by the plastic flow rate of the ice that depends on the stress and temperature. A time-independent, constant deformation rate of the specimen can be estimated from the power law creep of ice, [28] [29] [30] 
where C and n are constants, is stress, is the experimental activation energy, k is Boltzmann's constant, and T is the absolute temperature. Usual values of the constants for relatively high load, high strain-rate experiments are C = 4.6 ϫ 10 20 1/s, n = 3, and = 1.33 eV.
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As an approximation, we can assume that the samples deform under a constant stress of 10 MPa, the high strainrate compressive strength of ice according to Barnes et al. 31 and Stephen. 32 With this assumption, the creep rate given by Eq. ͑1͒ can be used to calculate the time dependence of the contact radius a,
where a 0 is the instantaneous radius of the contact patch due to elastic deformation and l 0 is assumed to be 3 mm. If we assume that the liquid present at the contact region ͑formed either by collisional melting or it is a liquidlike layer on the ice surface͒ completely freezes over the entire contact area, then the tensile strength of the bond F sintering is simply the tensile strength of ice tensile ͓=2 MPa ͑Ref. 26͔͒ multiplied by the area of contact F sintering ͑t͒ = tensile a͑t͒ 2 . We can obtain the time dependence of the sintering force by combining Eqs. ͑1͒ and ͑2͒. It is also possible to derive the contact load dependence of the sintering force by calculating the strain rates based on the stress obtained from the Herzian contact theory. 27 Figure 2 shows the sintering force as a function of contact time at different temperatures. Sintering exists even at the lowest temperature and lowest contact time. The sintering force actually seems to converge to the same value of around 0.04 N at 0 ms independent of temperature. As expected, the sintering force increases with increasing contact time. However, the rate of increase decreases rapidly with contact time at a certain temperature. The change is most pronounced in the 0 -200 ms range and slows down drastically on the time scale of seconds. This is in good agreement with the observations of Fan et al. 12 Sintering is highly temperature dependent. For a given contact time, the sintering force increases with temperature and it becomes especially pronounced close to the melting point. This is in good agreement with our everyday experience, as it is much easier to make a snow ball at temperatures close to zero.
The calculated sintering force curves are also shown in Fig. 2 . Despite the assumptions and approximations, it predicts the time dependence as well as the magnitude of the sintering force surprisingly well. Moreover, it predicts properly the existence of a temperature independent minimum value at 0 ms that, according to the model, is an effect of an instantaneous elastic deformation leading to a minimum contact area. Figure 3 shows the sintering force as a function of contact load at different temperatures. Except for some deviation around 2 N at low temperatures, the higher the load the higher the sintering force. This observation is consistent with our conceptual model as a higher load results in a larger contact area, and thus, a stronger bond. At a certain temperature the sintering force depends linearly on contact load. At each temperature the sintering force seems to converge to a nonzero value at 0 N ͑ranging between 0.06 and 0.1 N for −23 and −1°C, respectively͒. This can be explained by a liquidlike layer on the surface; when the surfaces approach each other first the two liquid layers come into contact. Before the solid bodies come into contact ͑i.e., before we measure a nonzero contact force͒ a contact patch already exists. The freezing of the liquid layer in this small contact area forms a bond and manifests itself as a sintering force when the contact force is zero. This idea is also supported by the results of atomic force microscopy studies on ice. 33 In these experiments the cantilever experiences an attractive force as it approaches the ice surface and it abruptly jumps into the surface due to capillary forces from the liquidlike layer. 34 Model predictions are also plotted in Fig. 3 . The model predicts a linear dependence that is in accordance with the experiments. The theoretical curves are fairly close to the experimental ones except for −12°C, where the model underestimates the sintering force. The model does not predict a sintering force at zero contact force. A constant force of 0.058 N was added to the model curves at each temperature in order to obtain a more realistic fit.
In conclusion, we measured the subsecond sintering of ice in air. We found that ice sintering is a relevant process on the millisecond time scale. The effect is most pronounced in the first 200 ms and temperatures close to the melting point of ice. Based on the experimental results we concluded that the basic mechanism of ice sintering on this time scale is the freezing of a liquid layer at the contact region. The contact time, contact load, and temperature dependencies of the sintering force are the consequences of the dependence of the plastic deformation rate of the ice on these quantities. 
